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We theoretically investigate laser induced quantum transport in a single quantum dot attached to
electric contacts. Our approach, based on nonequilibrium Green function technique, allows to include
thermal effects on the photon-induced quantum transport and excitonic dynamics, enabling the
study of non-Markovian effects. By solving a set of coupled integrodifferential equations, involving
correlation and propagator functions, we obtain the photocurrent and the dot occupation as a
function of time. Two distinct sources of decoherence, namely, incoherent tunneling and thermal
fluctuations, are observed in the Rabi oscillations. As temperature increases a thermally activated
Pauli blockade results in a suppression of these oscillations. Additionally, the interplay between
photon and thermal induced electron populations results in a switch of the current sign as time
evolves and its stationary value can be maximized by tunning the laser intensity.
I. INTRODUCTION
Quantum transport in semiconductor quantum dots
and molecular systems is a subject of intense
study nowadays.1 These nanoscaled devices provide a
formidable environment to study fundamental aspects of
quantum physics, involving many-body correlations and
light-matter interaction in regimes out of equilibrium.2
These systems have a great potential to form a new gener-
ation of optoelectronic devices based on the unique elec-
tronic structure that arises from the quantum confine-
ment. For instance, quantum dots can produce a wealth
of visible colors depending upon its size, even white light
with relatively high efficiency3 and potential to integra-
bility with nanoelectronics.4 Additionally, with the great
technological advances in the manufacturing of semicon-
ductor quantum dot system, it became possible to coher-
ent monitor and control electron populations in two-level
systems via different pump-probe techniques.5–8 In all
these experiments the main signature of quantum coher-
ent nonlinearity is Rabi oscillations, which has no clas-
sical counterpart. More recently, Rabi oscillations was
also reported in organic light-emitting diode.9 Such co-
herent optical manipulations constitute a fundamental
ingredient to quantum information processing in solid
state devices that use electron-spin or excitonic states as
qubits.10 Interestingly, holes in semiconductor quantum
dots have been revealed as an alternative to electrons in
the manufacturing of spin qubits.11
It was originally demonstrated by Zrenner et al.12 that
coherent Rabi oscillations in a two-level quantum dot
photodiode can be monitored by photocurrents. Addi-
tionally, it was proposed that a photocurrent in a self-
assembled quantum dot photodiode can become spin-
polarized due to an effective exchange interaction via
biexciton state.13 This result points out the potential-
ity of the present system to future spintronic devices. It
was also observed that the double dot structures present
the ability to increase the coherence time of indirect
excitons.14 Recently, thermal effects on the excitonic
Rabi rotations in a quantum dot system were investigated
experimentally.15,16 It was evidenced acoustic phonons as
the main source of damping of the Rabi oscillations.
In the present work we analyze how the temperature of
nearby contacts tunnel coupled to a single quantum dot
affects the coherent optical dynamics. Applying nonequi-
librium Green function technique to a microscopic Hamil-
tonian model, we write a set of coupled integrodifferen-
tial equations that describes the coherent evolution of the
electron-hole populations in the dot, enabling the study
of non-Markovian effects. A resonant laser field drives
the electron-hole dynamics and generates a photocurrent.
We find two contributions to the current. The first one
comes from electrons in the dot that tunnel to a con-
tact. This current is positive and is mainly induced by
the laser field. The second current component is related
to electrons in the reservoir that acquires enough thermal
energy to tunnel into the dot. This second contribution
charges the dot, thus generating additional features not
yet reported in the literature. Our main findings include
the suppression of the Rabi oscillation as the temperature
of the nearby contact increases, a negative photocurrent
due to a backwards charge flow, and a maximum pho-
tocurrent value achieved when the laser intensity is com-
parable to the mismatch between the excited dot level
and the contact chemical potential. Moreover, we ana-
lyze how the initial electron population of the conduction
band, which is controlled by the temperature, affects the
Rabi oscillations.
II. MODEL AND FORMULATION
Figure (1) illustrates the system considered. It is com-
posed of a quantum dot attached to a left and to a right
electron reservoirs in the presence of a source-drain bias
voltage. A laser field shines the dot, thus generating
electron-hole pairs in it. The electrons in the conduction
band and the holes in the valence band can tunnel out
from the quantum dot to the left and to the right reser-
voirs, respectively. This results in a photocurrent signal
in the system. In the experimental point of view this
system can be implemented in a structure of the kind
n-GaAs–i–Schottky contact, as described in Ref.[12]. Al-
2ternatively, a p-i-n junction can also be applied as de-
scribe in Ref.[17], with self-assembled quantum dots in
the intrinsic region.
FIG. 1. (Color online) Sketch of the system studied. A quan-
tum dot is tunnel coupled to both left and right reservoirs.
The left reservoir illustrated has chemical potential µ2 and
temperature T . Due to the proximity of the conduction band
level ǫ2 to µ2, the dot population thermally fluctuates. This
induces nonlinearities in the photocurrent driven by a laser
field with resonant energy ~ω.
The modeling Hamiltonian is given (per spin) by Hσ =
HD,σ +HT,σ +HL,σ +HR,σ, with
HD,σ =
∑
i
ǫiσd
†
iσdiσ+γe
−iωtd†2σd1σ+γ
⋆eiωtd†1σd2σ, (1)
where ǫiσ is the dot level for spin σ in the valence (i = 1)
or the conduction (i = 2) band. The operators diσ (d
†
iσ)
annihilates (creates) one electron in level i with spin σ.
The parameter γ gives the optical transition between va-
lence band and conduction band in the quantum dot.
This parameter can be controlled by the intensity of the
incident radiation. In our model electron-electron inter-
action is not accounted for in order to allow analytical
treatment. To couple the dot to fermionic reservoirs we
use the tunneling Hamiltonian
HT,σ =
∑
i
∑
ki
(tic
†
kiσ
diσ + t
∗
i d
†
iσckiσ), (2)
where ckiσ (c
†
kiσ
) annihilates (creates) one electron in the
right (i = 1) or the left (i = 2) lead.18 The parameter ti
gives the dot-leads coupling strength. Finally, the free-
electron energies of the electrons in both leads are given
by
HL,σ +HR,σ =
2∑
i=1
∑
ki
ǫkiσc
†
kiσ
ckiσ. (3)
In the present model we assume that the tunneling
rates are larger than spontaneous emission rates, so that
electron-hole recombination will be neglected.
Our main task is to explore the effects of the reser-
voirs temperature on the Rabi oscillations and the pho-
tocurrent. To this goal we must find the lesser and
retarded Green functions of the quantum dot, i.e.,
G<ijσ(t, t) = i〈d
†
jσ(t)diσ(t)〉 and G
r
ijσ(t, t
′) = −iθ(t −
t′)〈{diσ(t), djσ(t
′)}〉. Note that the occupations of the
levels ǫiσ are given by niσ(t) = Im{G
<
iiσ(t, t)}, while
the photocurrent is defined as Iiσ = −e〈N˙iσ〉 =
−ei〈[Hσ, Niσ]〉, (~ = 1) with Niσ =
∑
ki
c†kiσckiσ being
the total number of particles operator. Following Ref. [2]
one can show that
I2σ(t) = −eΓ2σniσ(t) + 2eRe{Φ
r
22σ} (4)
where Φr22σ(t) =
∫ t
−∞
dt1G
r
22σ(t, t1)φ2σ(t1, t) and
φiσ(t1, t) = iΓiσ
∫
dǫ
2π
fi(ǫ)e
−iǫ(t1−t), (5)
with i = 1, 2. Here fi(ǫ) is the Fermi function to i-
th reservoir and Γiσ = 2π|ti|
2ρiσ is the tunneling rate
with ρiσ being the density of states of the corresponding
reservoir for spin component σ. The present formalism
allows the inclusion of ferromagnetic leads by considering
spin-dependent tunneling rates Γiσ .
19 According to Eq.
(4) the current at time t has two contributions, one that
is instantaneous and proportional to the dot occupation
niσ(t) (Iout) and a second one that involves the whole
history of the system (Iin). In this second term, a time
integral of the correlation function Gr22σ(t, t1) weighted
by a thermal dependent function φ2σ(t1, t) should be
carried on, ranging from −∞ to the present time. All
the thermal effects arise via this memory integral. This
contrasts to the density matrix approach used in quan-
tum optics formulation that in general does not account
for thermal and memory effects in the standard Markov
approximation.20,21
Calculating the time derivative of G<ijσ(t, t) we arrive
at
i
∂
∂t
G
<
σ (t, t) =Mσ(t)G
<
σ (t, t)−Φσ(t), (6)
where the lesser Green function is written in a vector-
like form G<σ = [G
<
11σ, G
<
12σ, G
<
21σ, G
<
22σ]
T and Φσ =
[Φ′11σ,Φ
′
12σ,Φ
′
21σ,Φ
′
22σ]
T . Here Φ′ijσ(t) = Φ
r
ij(t)−Φ
a
ij(t),
with
Φrij(t) =
∫ t
−∞
dt1G
r
ijσ(t, t1)φjσ(t1, t), (7)
3and
Φaij(t) =
∫ t
−∞
dt1φiσ(t, t1)G
a
ijσ(t1, t). (8)
The matrix in Eq. (6) is given by
Mσ(t) =


−iΓ1σ −γe
−iωt γeiωt 0
−γeiωt ω12 −
i
2Γσ 0 γe
iωt
γe−iωt 0 ω21 −
i
2Γσ −γe
−iωt
0 γe−iωt −γeiωt −iΓ2σ

 ,
(9)
with ωij = ǫi − ǫj and Γσ = Γ1σ + Γ2σ. It is yet valid
to note that in the absence of the reservoirs, Eq. (6) re-
duces to the well known semiconductor Bloch equations.2
In order to determine Φσ(t) we need the retarded and
advanced Green functions Gr,aij (t, t
′). Taking the time
derivative with respect to t′ we obtain
−i
∂
∂t′
G
r
σ(t, t
′) = δ(t− t′)
[
χ+
χ−
]
+Pσ(t
′)Grσ(t, t
′), (10)
where Grσ = [G
r
11σ, G
r
12σ, G
r
21σ, G
r
22σ ]
T , χ+ and χ− are
the two-component Pauli spinors, χ+ = [1, 0]
T and χ− =
[0, 1]T , and the matrix Pσ(t
′) is defined according to
Pσ(t) =


δ1 γe
−iωt′ 0 0
γeiωt
′
δ2 0 0
0 0 δ1 γe
−iωt′
0 0 γeiωt
′
δ2

 , (11)
with δl = ǫl−
i
2Γlσ. Solving numerically Eqs. (6) and (10)
we obtain the occupation niσ(t) and the photocurrent. In
what follows we present our results.
III. PARAMETERS
In order to keep the generality of our results, we ex-
press the time in units of t0 = ~/Γ0, where Γ0 is pro-
portional to the tunneling rate between dot and reser-
voirs. For simplicity we assume the wideband limit,
where the tunneling rates are energy independent and
we set Γ1σ = Γ2σ = Γ0. The current unit is given by
I0 = eΓ0/~ and all energies are in units of Γ0.
22 Experi-
mentally, Γ0 depends on the tunnel barrier and it can be
easily controlled by an external gate voltage. We find for
quantum dot systems Γ0 ∼ 1µeV − 100µeV ,
23–25 which
results in I0 ∼ 0.24nA − 24nA.
26 The time t0 ranges
in the interval t0 ∼ 6.5ps (Γ0 = 100µeV ) - 0.65ns (Γ0 =
1µeV ).27 Additionally, the quantum dot valence and con-
duction band levels are given by ǫ1σ = ǫ1 = −100Γ0 and
ǫ2σ = ǫ2 = 2Γ0, respectively.
28 Both levels are measured
with respect to the chemical potential µ2 = 0, which is
taken as our energy reference. The chemical potential of
the right side µ1 is given by µ1 − µ2 = eVb, where Vb is
the bias voltage. In what follows we adopt eVb = 10Γ0.
Finally, we assume kBT ∼ 0.1Γ0 − 2Γ0 and γ = 7Γ0,
29
except when those parameters explicitly change in the
plots.
IV. RESULTS
Figure 2(a)-(b) shows the evolution of the electron and
hole occupations in the quantum dot for differing tem-
peratures kBT . At t = 0 the valence band level is fully
occupied with n1 = 1 while the occupation of the con-
duction band is n2 ≈ 0.1.
30 This small occupation comes
from the proximity of the level ǫ2 to the Fermi energy of
the left reservoir, which allows thermal excited electrons
to tunnel into the dot. Initially (t = 0) the quantum dot
occupation is calculated using the equation
niσ(t = 0) =
∫
dǫ
2πi
G<iiσ(ǫ), (12)
where the lesser Green function is given by the Keldysh
equation G<iiσ(ǫ) = G
r
iiσ(ǫ)Σ
<
iσ(ǫ)G
a
iiσ(ǫ), where G
r(a)
iiσ is
the retarded (advanced) Green function of the dot at-
tached to the leads without laser field and Σ<iσ = iΓiσfi.
As kBT increases, electrons in the left electrode acquire
enough thermal energy to enhance the population n2 at
t = 0, while n1 remains the same due to ǫ1 ≪ ǫF . When
the system starts to evolve in the presence of a laser field,
the occupations n1 and n2 develop the characteristic Rabi
oscillations. In the small temperature regime these os-
cillations are more pronounced for small times and be-
come suppressed as the time increases. This is due to
the decoherence imposed by the tunneling between dot
and reservoirs. For large enough times both n1 and n2
reach constant values.
As the temperature increases, the amplitude of the
Rabi oscillations shrinks for all times. This is directly
related to the enhancement of the initial population n2
with temperature. With the level ǫ2 becoming more pop-
ulated, the Pauli exclusion principle makes it more dif-
ficult to one electron with the same spin in the valence
band (ǫ1) to jump to the conduction band (ǫ2). So we
observe two sources of suppression to the coherent Rabi
oscillations: (i) coupling to reservoirs and (ii) thermal
activated Pauli blockade.
The photocurrent seen in Fig. 2(c), at least to some
extent, reflects the n2 behavior. It oscillates in time with
a decreasing amplitude, tending to a stationary nonzero
value. Additionally, the amplitude of the Rabi oscil-
lations is also reduced as kBT increases, following the
behavior of n2. Interestingly, for small enough temper-
atures and shorter times, the photocurrent oscillations
attain negative values, which corresponds to an unusual
flow of electrons from the reservoir into the dot (see solid
line, kBT = 0.1Γ0, around t = 0.5t0). In order to gain
further insight of this effect, in the inset of Fig. 2(c)
we show separately the current components Iout and Iin.
The outgoing current is positive which means that elec-
trons are flowing from the dot to the reservoir. The in-
coming current gives a negative contribution to the cur-
rent, which corresponds to electrons flowing in the op-
posite way, i.e., from the electrode into the dot. Around
t = 0.5t0, the Iin component presents a dip, which pulls
down the total photocurrent, making it negative. When
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FIG. 2. (Color online)(a)-(b) Occupation of the levels ǫ1 and
ǫ2 and (c) photocurrent as a function of time for differing
temperatures. As time evolves all these quantities exhibit co-
herent Rabi oscillations. The amplitude decreases with time
due to the incoherent tunneling between dot and electrodes.
The oscillation amplitude is also suppressed as kBT increases
due to a thermal induced Pauli blockade. For t ≈ 0.5t0 the
photocurrent is dominated by a backwards current, thus be-
coming negative. In the inset we show separately the in and
out current components.
kBT increases, this dip is suppressed and the photocur-
rent assumes positive values for all times.
Figure 3(a) shows how n1 and n2 evolves as a func-
tion of the parameter γ, for differing temperatures. For
all kBT values we observe n1 = 1 for γ = 0, while n2 in-
creases with kBT for γ = 0. This enhancement of n2 with
temperature comes from the thermal excited electrons in
the reservoir that acquires enough energy to jump into
the dot as kBT increases. Both n1 and n2 are obtained
via Eq. (12) for γ = 0. In the presence of the laser field,
n2 increases monotonically with γ, while n1 is initially
suppressed and then it is enhanced, thus developing a
minimum around γ ≈ ǫ2 − µ2 = 2Γ0. Note also that n2
presents a further enhancement near γ = 2Γ0. In the in-
set of Fig. 3(a) we show the sum n = n1 + n2 against γ.
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FIG. 3. (Color online)(a) Occupations n1 and n2 and (b)
current components against γ. While n2 increases monoton-
ically with γ, n1 is initially suppressed, reaches a minimum
and then increases slightly. Oppositely, the photocurrent in-
creases with γ, reaches a maximum and then becomes slightly
suppressed. This nonmonotonic behavior in both n1 and I can
be understood looking at the current component Iin. When
γ ≈ ǫ2 − µ = 2Γ0, electrons in the reservoir can tunnel into
the dot, thus populating ǫ2. This enhancement (in modu-
lus) of the backwards current suppresses the photocurrent for
γ > 2Γ0 and increases further n2. In the inset we plot n1+n2.
Note that the dot charges for γ > 2Γ0.
When the resonant condition γ = ǫ2−µ2 is attained, the
total occupation presents a steeper enhancement for low
temperature. For larger kBT a more broaden increasing
is found. It is valid to note that the sum n1 + n2 is not
limited to one, as expected in a standard two-level sys-
tem with one level being initially occupied and the other
one being initially empty. Here the level ǫ2 is not popu-
lated only by the laser field, but also by the left reservoir.
The occupation profiles will be more clearly understood
looking at the current components in the next plot.
In Fig. 3(b) we plot separately the current components
Iout, Iin and the total current I = Iout + Iin. While
the outgoing current follows n2, the incoming current
is strongly increased (in modulus) around γ ≈ ǫ2 − µ2.
5As a result, the photocurrent is suppressed due to this
backwards current, thus developing a peak close to γ =
ǫ2 − µ2. Increasing even further the temperature, the
thermal fluctuations of the reservoirs yield to a more ef-
fective injection of electrons into the dot. This makes
Iin starts at higher absolute values for γ . 2Γ0. This
amplification of Iin suppresses the photocurrent when
compared to its low temperature profile. In the presence
of a laser field in resonance with the difference ǫ2 − ǫ1,
doublets emerge in the spectrum of the system,31,32 as
illustrated in the drawn of Fig. 3(b).33 As the laser in-
tensity increases, the lower energy peak of the doublet
eventually attain resonance with the reservoir chemical
potential at γ = ǫ2 − µ2. This allows electrons to reso-
nantly tunnel from the lead into the dot, thus generating
a backwards current that suppresses the total photocur-
rent and increases the n2 population. When the lower
peak lies below µ2, the enhancement of kBT tends to de-
populate this channel, consequently suppressing Iin, as
seen in Fig. 3(b) for γ & 2Γ0.
Finally, it is valid to point out that the Iin current com-
ponent plays a role in the transport whenever ǫ2−γ ≤ µ2,
which allows electrons in the reservoir to resonant tun-
nel to the dot. It is possible to entirely suppress the
incoming current by moving ǫ2 high enough above µ2,
so that ǫ2 − γ > µ2. For this regime electrons can flow
only in one direction, i.e., from the dot to the reservoir,
thus reducing the backwards charge flow. Fig. 4 shows
the photocurrent against time for different ǫ2 values. For
ǫ2 = 2Γ0 and 5Γ0 the channel ǫ2 − γ lies below µ2, as
illustrated in the energy diagram at the lower part of the
panel. This results in a relatively high |Iin| component
(see the inset). On the contrary, for ǫ2 = 10Γ0 and 20Γ0
we find ǫ2 − γ higher than µ2 (see the upper energy di-
agram sketched), which suppresses |Iin| and makes the
total current larger.
V. CONCLUSION
In conclusion, via nonequilibrium Green function tech-
nique we have investigated the dynamics of electron-hole
pairs in a quantum dot tunnel coupled to Fermionic reser-
voirs. We found that the thermal fluctuation of the reser-
voir and consequent occupation of the conduction band
level appears as a new source of decoherence for the opti-
cally induced Rabi oscillation in QDs, which has not been
reported yet. As temperature increases, the thermal ex-
cited carriers in the left reservoir acquires enough energy
to tunnel into the dot. This gives rise to an enhancement
of electronic dot population, which results in a thermal
activated Pauli blockade that suppresses slightly the Rabi
oscillations. This effect is strongly dependent on the tem-
perature of the reservoirs and on the mismatch between
ǫ2 and µ2. Finally, a nonlinearity signature is found in
the current against γ. This results from a doublet that
brings into resonance a transport channel with the chem-
ical potential µ2. This laser induced resonance generates
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FIG. 4. (Color online) Photocurrent against time for different
ǫ2 values, with respect to µ2. As ǫ2 increases the photocurrent
is amplified. This is due to the suppression of the incoming
current for larger ǫ2. The temperature adopted is kBT =
0.1Γ0. In the inset we show the incoming current component
for all the ǫ2 values used. As ǫ2 enlarges, the incoming current
tends to zero.
a competition between outgoing and incoming currents in
the quantum dot that yields to the observed nonlineari-
ties. As a final remark, we note that the present study
is a fundamental example of the use of nonequilibrium
Green function for optical processes, which can be ap-
plied to more intricate systems, including non-Markovian
processes.
The authors acknowledge the Brazilian agencies
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